Introduction
Garlic (Allium sativum L.) has several uses in addition to its main function as a spice and a flavoring agent for food it also has some medicinal benefits (Lawson and Wang, 2001 ). Garlic crop is exposed to pronounced losses due to metabolic processes and microbial activity during storage. Most likely thirty percent of the freshly harvested garlic is lost due to improper means of transference and storage (Aware and Thorat, 2010) .
Food products drying is usually used for preserving food safety as it greatly reduces the microbial and enzymatic changes through the storage period, hence, extending the shelf life of the produce (Sacilik and Unai, 2005; Barrozo et al., 2001) . Also, the demand has increased on Garlic powder, one of the most popular commercial garlic products, which can be produced by drying garlic cloves or slices. The dried samples are then ground into powder (Litaiem et al., 2015; Figiel, 2009 ). Yilbas et al. (2003) indicated that drying of moist products is a complex process comprising coinciding heat and mass transfer. The practice of drying a product sample in a single layer of particles or slices is known as thin-layer drying. At present, three types of mathematical models are used to define thin-layer drying process of agricultural produce, viz., theoretical models which merely study the internal resistance for transferring the moisture between heating air, semi-theoretical and experimental models which only take into account the external resistance (Panchariya et al., 2002; Midilli et al., 2002) . Celma et al. (2008) highlighted that IR drying is based on the IR radiation emitted from a source, which reacts with the internal structure of the samples thus increases its temperature and vaporizes the humidity. In addition, IR energy transfers from its source to the produce without heating the adjacent air. In this process, the internal layers of the sample would be warmer than the surrounding air. Accordingly, the sample drying occurs from internal to external layers by both convection and radiation and therefore the rate of heat transfer is greater as compared to the conventional drying. IR drying method is mostly effective for products having a considerable moisture content, as long-wave radiation (over 3 mm) is nearly fully absorbed by the moist of the product (Celma et al. (2009) . However, dry materials have high radiation permeability. There are some merits in favor of IR radiation heating regarding conventional drying, e.g. decreased drying time, reduced air flow velocity thru the product and higher energy efficiency (Togrul, 2005) .
Mathematical modeling is the best and appropriate approach for describing the kinetics of the drying process. Precise modeling of the behavior of drying of agricultural products requires specific correlation and regression statistical methods in order to attain a set of equations that give an accurate explanation of the process (Celma et al., 2008) . Numerous experimental models for drying kinetics in falling rate drying period are available in the literature. The models used were linear, power, exponential, Arrhenius and logarithmic, which represent the most common mathematical functions (Togrul, 2006) . In addition to polynomial models which are used when the aforesaid forms get small determination coefficients (Celma et al., 2008) .
The present study was undertaken to investigate and evaluate the influence of different levels of IR radiation intensity and air flow velocity on the thin-layer drying characteristics of garlic slices. Moreover, to determine the effective moisture diffusivity and activation energy of garlic slices and testing thirteen different drying models for describing and predicting drying process of garlic slices.
Materials and methods

Materials
Freshly harvested cloves of garlic (Allium sativum) were obtained from a local variety store for study in this research work. The garlic cloves were unpeeled and cut into slices of (2.5 ± 0.5 mm) thickness. garlic slices. The initial moisture content of the garlic slices was determined according to the standard procedure of the Association of Official Analytical Chemists (AOAC) (AOAC, 2005) , where the samples were dried at 70°C for 24 h under a vacuum of 85 kPa (Vacutherm model VT 6025, Heraeus Instrument, D-63450. Hannover, Germany). The initial moisture content of the garlic was between 70 and 72.5% (w.b.). Garlic pieces were placed in perforated plastic bags and stored at 1°C and RH of 80% during conducting the drying experiments which continued until the moisture content reached 6 (% w.b).
Experimental set-up and procedure
An IR dryer ( Fig. 1) was used for the drying process of the garlic slices samples with IR radiation. The device consists mainly of two electric heaters (1.35 kW each) for heating the drying air, a centrifugal fan for supplying the air flow and a drying chamber made of 1.5 mm sheet of galvanized metal of 40 Â 28 Â 40 cm in dimensions. The chamber was shielded from inside with aluminum foil sheets for reflecting the IR radiation over garlic slices. The IR radiation sources are two IR halogen lamps (500 W) installed inside the chamber. A solar radiation sensor (pyrometer, model H-201) was used for the measurement of radiation intensity Garlic samples were placed on a holding tray of 20 Â 20 Â 1 cm in the chamber. The tray was put facing to the IR lamps, and the space between the lamps and the sliced of garlic samples was set at 15 cm. The samples were uniformly spread as a thin-layer in the holding tray. The experiments were carried at an inlet air temperature fixed at 40°C (Abe and Afzal, 1997 Changes in the samples mass were noted each 5 min in the first hour and each 10 min in the next hour then each 20 min until the samples reached to about 6 (% w.b). The experiments were replicated three times. Moisture ratio (MR) was calculated from the obtained experimental moisture content values. MR which is typically defined as:
Though, it might be abbreviated to M t /M o , as in IR the samples could be dried to the dry matter content (Midilli, 2001 ).
Modeling of the IR thin-layer drying data
The experimental drying data were tested to find the most suitable model among thirteen different models defining drying process set by a number of authors (Table 1) . The different constants in the tested models were determined using non-linear regression procedure using IBM SPSS software package (IBM SPSS version 22).
The coefficient of determination (R 2 ), reduced chi-square (v 2 ), root mean square error (RMSE) and the average percentage error (%E) were used to inspect the good fitness of the selected mathematical models to the experimental data. A model is considered more suitable the higher values of R 2 and the lower the values of v 2 , RMSE and %E (Midilli and Kucuk, 2003; Akpinar et al., 2006) . The following equations were used to calculate the abovementioned parameters:
MR Prd ¼ the average predicted moisture ratio:
Calculation of the effective moisture diffusivity
Effective moisture diffusivity (D eff ) is usually used to describe the drying characteristics of foodstuffs. Assuming that the sliced garlic samples were taking slab shape, Fick's second diffusion equation can be used to determine the effective moisture diffusivity of the garlic slices. Fick's diffusion equation for particles with a slab geometry is defined by the following equation (Crank, 1975) :
Taking the natural logarithm of both sides of Eq. (5) the following equation was obtained:
Eq. (6) 
Calculation of the activation energy
Activation energy (E a ) is the comparative easiness with which water molecules overcome the energy obstacle during their transfer through the samples The reliance of the effective moisture diffusivity on the temperature can be described by an Arrhenius-type equation (Akgun and Doymaz, 2005; Sanjuan et al., 2003) as follows:
Taking natural logarithm of both sides of Eq. (10) it could be written as follows:
In order to obtain the values of the activation energy (E a ), the values of ln (D eff ) were plotted versus the reciprocal of the absolute temperature (1/T abs) and the slope of the fitted straight line is equal to (ÀE a /R).
Results and discussion
Drying process behavior
The variations of moisture ratio with the time of drying at different IR radiation intensity and air flow velocity are depicted in Fig. 2 . The garlic slices moisture ratio decrease with increasing time of drying. Each time air flow velocity decreased and the intensity of radiation increased, a high heat flow is delivered by the IR heating resulting in a rapid surge of the samples temperature toward the completion of the drying process causing a remarkable drop in the time of drying. The drying time reduced from 135 to 30 min by increasing the radiation intensity from 0.075 to 0.3 W cm À2 at the air flow velocity of 0.75 m s
À1
, whereas, it decreased from 240 to 40 min at 1.25 m s À1 . Diamante and Munro (1991) Correspondingly, the effect of moisture content on the drying rate at different air flow velocity and IR intensity is presented in Fig. 3 . From the figure, it can be said that the drying rate reduced with the decrease of the moisture content in the garlic slices and increase of the drying time, or in other words, it has been decreased with the decrease of IR intensity and the increase in air flow velocity. These findings are in agreement to other published works in the drying of food products (Madamba et al., 1996; Doymaz, 2004; Akgun and Doymaz, 2005; Celma et al., 2009 ).
Fitting of the thin-layer drying curves
The thirteen models listed in (Table 1) were used for predicting the changes in the garlic slices moisture content with the drying time.
The obtained statistical parameters for data fitting for the thirteen models are presented in Table 2 . The thirteen models revealed high values of R 2 varied between 0.977575 and 0.999948. Accordingly, all tested models could adequately describe the behavior of drying garlic slices using IR system. Nevertheless, Modified Henderson and Pabis model displayed the highest average value of R 2 (0.999948) and the lowest values of v 2 (1.5 Â 10 À6 ), RMSE (0.00101) and %E (0.0131). Consequently, this model is the best one among the tested models that accurately express the thinlayer drying behavior of garlic slices under the studied conditions. The constants of the best model for describing the thin-layer garlic slices drying curves are revealed in Table 3 . Fig. 2 depicts the plots of the variations of the experimental and the predicted moisture ratio by the best model i.e. Modified Henderson and Pabis with the drying time of garlic slices. From the plots, it is clear that the Modified Henderson and Pabis model gives an accurate prediction for the drying process of garlic slices under the tested settings.
Effective moisture diffusivity (D eff )
The values of ln(MR) were drawn versus the mean drying time (t) of garlic slices at the various experimental condition and the plots for the IR drying curves are illustrated in Fig. 4 . The figure revealed that plots have slightly deviated from the linearity for all studied drying conditions. This deviation might be due to various causes e.g. the initial moisture content is not uniformly distributed, a variation of the product temperature during drying, change in moisture diffusivity with moisture content and shrinkage of the product (Adu and Otten, 1996; Khraisheh et al., 1997) .
The deviation from linearity of the experimental logarithmic drying curve indicates that D eff is dependent on the moisture content (Celma et al., 2009) . Thus, using non-linear regression a second order polynomial equation relating ln (MR) and the drying time (t) was established with a good fitting of the experimental results (Eq. (12)): Fig. 2 . Variation of the experimental and the predicted moisture ratio by the best fitting model with drying time at different radiation intensity and air flow velocity. Fig. 3 . The effect of moisture content on the drying rate of garlic slices at different radiation intensity and air flow velocity. The regression coefficients A 0 , A 1 , and A 2 of Eq. (12) and the resultant R 2 are offered in Table 4 .
Effect of moisture content on the effective moisture diffusivity
The effective moisture diffusivity (D eff ) of food materials describes the moisture mass transfer property through the food produce The change in D eff with the reduction in moisture content is a complicated process consist of molecular diffusion, liquid diffusion, vapor diffusion, hydrodynamic flow and other mechanisms (Karathanos et al., 1990) .
The calculated D eff values by Eq. (6) were plotted versus moisture content and are shown in Fig. 5 . It is seen that D eff values increased as the moisture content decreased for all tested conditions. The dependency of the effective moisture diffusivity on moisture content may be due to the varied kinetics that causes moisture moving during the drying process. In the starting of the drying process, when the samples have a great amount of moisture, the moisture movement is mainly by liquid diffusion. During the progressing of the drying process and the sample surface gets more dried a permeable structure is shaped and the moisture transference may be due vapor diffusion. The pores in the garlic slices surface are enlarged as the water vapor pressure inside them increase. Hence D eff increases at higher moisture contents and decreases at lower ones. Comparable findings regarding the changes of D eff were stated by different authors for different food stuff (Sharma et al., 2005; Celma et al., 2009) .
(D eff ) was correlated versus moisture content (M t ) of garlic slices and establish a third order polynomial relationship as shown below: The regression constants A, B, C, D of for IR drying of product at conditions of drying are shown in Table 5 . The higher values of R 2 reveals better fitting of the empirical equation in describing the changes of the effective moisture diffusivity (D eff ) with the corresponding moisture content (M t ) at the different conditions of the thin-layer IR drying of the garlic slices.
Influence of IR drying variables on the average effective moisture diffusivity
The arithmetic mean of (D eff ) at the different moisture content of the samples throughout the IR drying of garlic slices was calculated to determine the average effective moisture diffusivity (D eff ) avg. the obtained data is tabulated and offered in . This reduces the time of drying significantly. The increase of IR radiation resulted in fast heating of the garlic slices and the vapor pressure in the garlic slices increased which speed up the moisture diffusion to the samples surface. Still, Table 6 shows that (D eff ) avg values reduced when the air flow velocity increased from 0.75 to 1.25 m s À1 . This could be owing to that the samples were cooled by the higher air flow velocity since the samples temperature is higher than adjacent air. Analyzing (D eff ) avg values with the IR drying variables through linear regression provided this equation:
Activation energy
The values of the activation energy (E a ) in the IR drying of garlic slices were determined from the slope of Fig. 6 and they are tabulated and given in Table 7 . E a values for all the experimental condition ranged from 3.05 to 45.13 kJ mol
À1
. In the IR drying technology smaller E a values indicates greater D eff values of the product. In drying methods, E a values were lower than those for the conventional heating for moisture diffusivity of vegetables and varied from 130 to 280 kJ mol À1 (Feng et al., 1999 (Adu and Otten, 1996) .
Conclusions
Infrared radiation drying of garlic slices in thin-layer at radiation intensity ranging from 0.075 to 0.3 W cm À2 and two air flow velocity of 0.75 and 1.25 m s À1 was experimentally studied. the results showed an increase in the drying rate and a decrease in drying time with the increase of IR intensity and decrease of air flow velocity. The Modified Henderson and Pabis model is able to satisfactory describe the performance of garlic drying and well predicting the changes in moisture content of garlic slices. The effective moisture diffusivity (D eff ) varied from 5.837 Â 10 À11 to 7.663 Â 10 À10 m 2 s À1 . The D eff was correlated versus moisture content of slices and a third order polynomial relationship was found. The Activation energy (E a ) increased with the increase of air flow velocity and the decreasing of IR radiation intensity. 
